Electric power generation often involves the use of water for power plant cooling and steam generation, which typically involves the release of cooling water to nearby rivers and lakes. The resulting thermal pollution may negatively impact the ecosystems of these water bodies. Water resource systems models enable the examination of the implications of alternative electric generation on regional water resources. This letter documents the development, calibration, and validation of a climate-driven water resource systems model of the Apalachicola-Chattahoochee-Flint, the Alabama-Coosa-Tallapoosa, and the Tombigbee River basins in the states of Georgia, Alabama, and Florida, in the southeastern US. The model represents different water users, including power plants, agricultural water users, and municipal users. The model takes into account local population, per-capita use estimates, and changes in population growth. The water resources planning model was calibrated and validated against the observed, managed flows through the river systems of the three basins. Flow calibration was performed on land cover, water capacity, and hydraulic conductivity of soil horizons; river water temperature calibration was performed on channel width and slope properties. Goodness-of-fit statistics indicate that under 1980-2010 levels of water use, the model robustly represents major features of monthly average streamflow and water temperatures. The application of this integrated electricity generation-water resources planning model can be used to explore alternative electric generation and water implications. The implementation of this model is explored in the companion paper of this focus issue (Yates et al 2013 Environ. Res. Lett. 8 035042).
Introduction
The power sector withdraws substantial cooling water for electricity generation across the US (Kenny et al 2009 , Solley et al 1998 . It is the single biggest user of water in the economy (Carter 2010) and is thus heavily dependent Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. on available water resources. Consequently, any changes in water supply undermine the reliability of power generation. Understanding how electricity sector choices affect future water use is important (e.g. Roy et al 2012 and Elcock 2008) . Power plant water use for cooling accounts for over 40% of freshwater withdrawals in the US, principally due to thermoelectric plants using once-through cooling (Stillwell et al 2011 , Kenny et al 2009 , Hutson et al 2004 . Withdrawals can be substantially reduced by switching to evaporative or recirculating cooling, but the switch may increase overall consumptive use .
These connections between water use and energy production have resulted in a growing interest in integrated water-energy-climate analysis, especially for policy makers and planners. Recent studies in the arena of water-energy policy include: (1) three water-energy nexus cases in the United States through which a set of institutional relationships were studied with an emphasis on decision-making challenges faced by society (Scott et al 2011) ; and (2) a quantitative analysis, identification, and characterization of key actors and groups employing organization theory to bridge interorganizational in order to develop a systematic and analytical approach for water and energy planning in Jordan (Siddiqi 2013) .
In the southeastern US, climate change is projected to impact both natural and human systems (Christensen et al 2007) . The Intergovernmental Panel on Climate Change (IPCC) in 2007 predicted that the southeast might experience increased climate variability, including more severe periods of drought coupled with wetter periods, as a result of climate change taking effect in North America (Christensen et al 2007) . While the general implications of climate change on the hydrology of the southeastern US have caught policy makers' attention, there has been little region-wide analysis of the implications of future climate change on interconnected water systems, with specific adaptive responses yet to materialize. Thus, it is important to understand the energy-water dynamics at present compared with the future. A larger fraction of freshwater withdrawals are for thermoelectric cooling in the southeast (75%) compared to the national portfolio (41%). This trend contributes to water supply stress in the region. However, in the southeast, problems related to water use for energy production are not confined to water quantity. Power generation typically involves the release of cooling water to nearby surface water resources (Averyt et al 2011) , and the resulting thermal pollution negatively affects ecosystems. Thus, the role of water temperature and thermal pollution is important as well.
Water temperature problems for power plants most often arise during heat waves, when the temperature of intake water is elevated and electricity loads (largely for air conditioning) are high (Wilbanks et al 2008) . Warmer water is less effective at cooling, making power plants uncompetitive and at times even causing power plants to temporarily shut down. Furthermore, rising water temperatures imperil fish and other aquatic species (Hester and Doyle 2011) . A prime example in the southeastern US of power plant cooling water requirements and water demands interacting and adding stress to the system is an area of the Appaloosa-Chattahoochee River between Lake Lanier and West Point Reservoir. This area includes the Atlanta Metro Area, with a population about four million people and associated water withdrawals for urban consumption and cooling water for electricity generation from the Chattahoochee River. Changes in stream water temperature regimes are complicated by attenuation and cold-water releases from reservoirs like Lake Lanier, and return flows from thermoelectric cooling water and others uses, which are important to consider especially during the summer months and other times of low streamflow (USGCRP 2009).
To explore possible strategies for adaptation and management and the implications for water use by the energy sector, an analytical platform is needed that will allow for a better understanding of the climate change impacts within individual river basins. Such a platform allows us to assess how water and land managers may adapt to these impacts, since many management decisions are made at a local scale for individual basins (Yates and Miller 2013) . As a case study in the exploration of flow and stream temperature issues, this study focused on the Apalachicola-Chattahoochee-Flint (ACF) basin and the Alabama-Coosa-Tallapoosa (ACT) basin. A model was developed to include a representation of the water resource and the water implications for energy production in these basins, with a particular focus on a few river reaches where with substantial cooling water used for thermoelectric generation. The model allows examination of instream water temperature, surface water availability, and different development pathways under current and future conditions. The case study considers current energy demands derived from the National Renewable Energy Laboratory (NREL) Regional Energy Deployment System (ReEDS) analysis that has been conducted independently for the entire United States (Clemmer et al 2012) . Other development pathways are explored including projected changes in population growth and water demands from agriculture.
This letter presents the development of a southeastern US water systems model developed on the Water Evaluation and Planning (WEAP) system platform (Yates et al 2005) . This model, hereafter called WEAP-SE was created to (1) represent the water supply and use of 44 hydrologic units (identified by a hydrologic unit code or HUC) in Alabama, Georgia, and Florida (figures 1 and 2) and the implications of hydrologic infrastructure such as reservoirs on the river's hydrology (flow and temperature); (2) describe the calibration of the WEAP-SE model to the managed flows of these river systems and how it is used to represent the water supply; and (3) to derive modeling results for stream temperature and subsequent thermal pollution effects on ecosystems. In the companion paper, we analyze some specific reaches where cooling water is used in thermoelectric generation, including the Chattahoochee River below Atlanta and above West Point Lake, with Plant Wansley and other thermoelectric cooling; and the Coosa River near the Georgia-Alabama River that includes once-through Plant Hammond and other large thermoelectric cooling facilities such as Plant Bowen. Plant Wansley and Plant Hammond are placed in figures 1 and 2.
An application of the WEAP-SE model is performed by Yates et al (2013b) who investigate localized results by coupling the detailed model of geographically specific projections with both anthropogenic and natural aspects of the hydrologic systems of the ACF and ACT basins. Specifically, the study focuses on the two specific regions that include: Georgia Power's Plant Hammond, located in the Coosa River above Lake Weiss in the ACT basin and Georgia Power's Plant Wansley and other thermoelectric facilities in the Chattahoochee River above West Point Lake in the ACF basin (figures 1 and 2). Thermoelectric cooling technologies differ throughout the basins. For example, Plant Hammond, on the Georgia side of the border on the Coosa basin, is an 800 MW coal plant with once-through cooling. Just downstream is Lake Weiss, now a destination fishing lake that provides important tourism income for Cherokee County, AL (Glover 2012 ) but was originally impounded for hydroelectric power generation. On the Chattahoochee River, Plant Wansley is a 3939 MW power plant fueled by coal (44%), natural gas combined-cycle (55%), and oil (1%), cooled with recirculating cooling system. These different cooling technologies have different effects on the rivers of these basins, with Yates et al (2013b) examining both region-wide impacts on water resources and focused impacts on changes in water volume and temperature at these locations under current and project future region-wide electricity mix fuels (coal, natural gas, renewables, etc) and cooling technologies (once-through, recirculating, dry, etc).
Methodology: WEAP as an analytical framework
The WEAP decision support system (DSS) is a comprehensive, fully integrated water system simulation model that includes a robust and flexible representation of water demands from all sectors (Yates et al 2005) . It allows for the description of operating rules for infrastructure elements such as reservoirs, diversions, environmental flows, canals, and hydropower (Sandoval-Solis and McKinney 2009, Thompson et al 2012) . It has basin rainfall-runoff modeling capabilities that allow for the calculation of hydrograph components including runoff, interflow, and base flow (Yates et al 2005) . Soil moisture storage and snow accumulation and melt are also calculated. Water infrastructure and demand elements can be dynamically nested within the underlying hydrological processes. In effect, this allows the modeler to analyze how specific configurations of infrastructure, operating rules, and priorities will affect different water uses, such as instream flows, agricultural irrigation, and municipal water supply under climate forcing and physical basin conditions Miller 2013, Yates et al 2009) . This makes it ideally suited to studies of dynamic change within basins, such as climate warming. In order to represent the water infrastructure and management of the Southeast's ACF and ACT systems, a DSS model was built for both basins and also for the adjacent Tombigbee River basin (figure 2).
The physical hydrology model in WEAP represents the terrestrial water cycle with a series of simultaneously solved equations. Rainfall is partitioned into snow, runoff, or infiltration depending on temperature, land cover, and soil moisture status. Moisture in the root zone is partitioned into evapotranspiration, interflow, deep percolation, or storage as a function of soil water capacity, hydraulic conductivity, potential evapotranspiration (ET), and vegetation-specific ET coefficients. Deep percolation enters a second soil compartment and is partitioned into base flow or deep soil moisture storage. This partitioning is a function of the soil moisture storage status, the water holding capacity of the deep compartment, and the hydraulic conductivity of the deep sediments. For a detailed discussion of the model algorithms see (Yates et al 2005) . Due to the importance of stream temperature in southeastern hydrology, the water temperature model is described here. WEAP has a simple mixing model that computes a weighted average of the water temperatures based on the inflows from upstream, tributaries' return flows, and groundwater inflows (Yates et al 2005) . The volume for a reach is defined by its length and average cross sectional area with an assumption of steady state in each time step where a heat balance equation is calculated for each reach on the river (equation (1)).
The terms on the right-hand side are:
V T i : upstream heat input to the stream segment with constant volume, with V (m 3 ) expressed as a relationship of flow and Q i (m 3 /time) and temperature, T i , at the upstream node. R n ρC p H : net radiation input, R n , to the control volume with density, ρ; C p , the specific heat of water; and H(m), the mean water depth of the stream segment.
): atmospheric long-wave radiation into the control volume, with the Stefan-Boltzmann constant (C; T air , the air temperature; a, a coefficient to account for atmospheric attenuation and reflection; and the air vapor pressure, e air .
Q i V T i+1 : the heat leaving the control volume.
: long-wave radiation of the water that leaves the control volume.
ρC p H : the conduction of heat to the air and the removal of heat from the river due to evaporation. The terms f (u) and g(u) are wind functions, and D is the vapor pressure deficit. The temperature, T i+1 is solved for the downstream node with a fourth-order Runge-Kutta method and is the boundary condition temperature for the next reach (after mixing of any other inflows into the downstream node is considered). 
WEAP catchment delineation
Catchment nodes in WEAP were used to represent topographically identified sub-catchments that are characterized by unique climate, land cover-land use (LULC), and soil water properties (table 1) . Climate forcing data are applied uniformly over each sub-basin area. The hydrologic model within each sub-catchment was parameterized using publicly available LULC classes from the National Land Cover Dataset (NLCD) (Homer et al 2004 (Homer et al ) (www.epa.gov/mrlc/nlcd-2006 , and 30-m digital elevations from the National Hydrography Dataset-Plus (NHD Plus) (www.horizonsystems.com/ NHDPlus/index.php). WEAP sub-catchment definitions were achieved using the following steps: (1) identification of the major southeastern rivers modeled in WEAP according to the basin and sub-basin designation of the US Geological Survey (USGS) HUC system (hereafter referred to as basins); (2) intersection of 500-m elevation bands within each basin to create WEAP sub-catchments; (3) classification of LULC within each sub-catchment according to LULC categories; (4) calculation of fractional areas for each LULC in each WEAP sub-catchment. See Yates et al (2013a) for further details in methodology. Basin pour points were placed at important infrastructure including dams, diversions, return flow structures, and USGS streamflow gages, with a subset of those listed in table 2 and other gages placed internally to ensure adequate representation of streamflows during the model calibration process. These basin pour points were used as calibration points for reproducing streamflows and suitable water temperatures. These calibration points were distributed through the basins and in some key areas, such as the Atlanta Metro Area, the density of these calibration points is higher in order to accurately represent the current conditions of streamflow and water temperature. This delineation resulted in nine river objects or 'basins' in WEAP-SE. Each basin includes a collection of 44 sub-catchments with an average area of 3779 km 2 (figure 1). LULC classes were aggregated into four categories including forested, non-forested, irrigated agriculture, and urban.
Water use, climate, and infrastructure data
The primary data inputs to the WEAP-SE model include time series of monthly climate; estimates of monthly water use including irrigated agriculture, urban (or municipal) and industrial, thermoelectric cooling, and environmental flows; and infrastructure elements including reservoirs, diversions, and their capacities, and regulated constraints (table 3). In this letter, values of water use estimates do not change over time and uncertainties are not considered. In the companion paper (Yates et al 2013b) , uncertainties are included and analyzed. (table 1) . A gridded dataset for the continental US was chosen for this application due to its spatial resolution (∼12 km grid), which is fine enough to provide resolved temperature and precipitation values for sub-catchments that may be close in proximity but at different elevations (Maurer et al 2010) . From the gridded data, monthly total precipitation and mean temperature were spatially averaged for each sub-catchment for the period 1949-2010.
Water allocation in WEAP is established through a set of user-defined demand priorities and supply preferences that are used to construct an optimization routine that allocates available supplies at each time step. A linear programming (LP) algorithm allocates water to maximize satisfaction of demand, subject to supply priorities; demand site preferences; mass balance; and other constraints (Yates et al 2005) .
Demands, reservoir storage, hydropower, and instream flow requirements are assigned a unique integer priority number, ranging from 1 (the highest priority) to 99 (the lowest priority). Those entities with a priority 1 ranking are members of Equity Group 1, those with a priority 2 ranking are members of Equity Group 2, and so on. The LP constraint set is written to supply an equal percentage of water to the members of each equity group. The priority numbers are not weights, but ensure that demands with priority 1 are allocated water before those with priority 2, priority 2 before priority 3, and so on. In the WEAP-SE model, the priority ranking is given as: priority 1: instream flow requirements; priority 2: urban indoor water and thermoelectric cooling; priority 3: irrigated agriculture; and priority 4: reservoir filling. This ranking means that other uses will be curtailed to meet instream flow and thermoelectric cooling water requirements under water-constrained conditions.
Water use was estimated for each sector in the corresponding monthly time step, primarily from different publicly available sources (table 1) . Municipal, commercial, and industrial indoor uses (excluding thermoelectric generation) were based on estimates of population and liters-per-capita-per-day or LPD (gallons-per-capita-per-day or GPD). A value of 473 LPD (125 GPD) for residential use includes 95 LPD (25 GPD) for commercial and industrial use.
For streamflow and water temperature data USGS and US Army Corps of Engineers (USACE) streamflow gages were used to obtain pertinent information on a monthly average time step for continuous record data. The ACF and ACT USACE projects provided infrastructure-related data such as reservoir capacity, head-volume, dam heights and tailwater elevations, turbine capacities, and historic hydropower generation data (table 1) .
Irrigated agricultural use was based on the general agricultural practices and irrigated acreage in the southeast region and made use of WEAP's internal soil moisture deficit model to trigger a monthly irrigation application. Irrigated agriculture was active in twelve of the 44 sub-catchments, with a total irrigated area of 320 km 2 (79 thousand acres). In each catchment object that included irrigation, a representative irrigation schedule was used to approximate general irrigation practices in the region (irrigation was scheduled to happen from April to September). A specific cotton category was included in the lower ACF's catchment objects. Cotton is an important commodity and is the most demanding crop from the point of view of water consumption in the region, with an irrigation schedule happening from June to August. We have identified general irrigated acreage and crop type to estimate annual applied water. The average annual applied irrigation depth is 800 mm (31.5 in) in the ACF basin. A simple representation of a surficial aquifer in the lower ACF basin that feeds mainly the irrigated agricultural areas was also implemented in the WEAP-SE model as a groundwater source. The aquifer's representation in WEAP was a simplification of the groundwater system as a reservoir with a storage capacity of 1400 Mm 3 , hydraulic conductivity of 30 m per day, and a specific yield of 0.08.
The focus on thermoelectric generation and associated cooling water warrants special attention (see . ReEDS models electric generation and capacity by generation technology at the level of the continental US's 134 power control authorities (PCAs) for a series of two-year periods between 2010 and 2050 (Short et al 2011) . In this letter, the 2010 generation level was used to estimate thermoelectric water withdrawals and consumptive use for the WEAP-SE calibration period of 1980-2010. We used Macknick et al's (2012) work on a meta-analysis of published studies of cooling water use based on fuel type and cooling technology to provide water withdrawal and consumption coefficients to calculate water use for the WEAP-SE model. For each thermoelectric fossil fuel or nuclear generating technology represented in ReEDS, the generation and capacity data for each PCA is mapped to the HUC-8 region in an amount proportional to the capacity and generation determined by thermoelectric plant location as described in Averyt et al (2013) . We then project plant locations onto the sub-catchment locations of individual plants throughout the WEAP-SE model. 
Model calibration results
Model calibration was accomplished using manual calibration techniques targeting monthly values of observed streamflows, reservoir storages, water deliveries, and water use from several sources including the USGS and USACE gaging stations, and local, state, and federal databases and reports. Streamflow and water temperature data records were not continuous and did not cover the same period of time; consequently gaps were observed. Since the whole study area has similar physiographic conditions (e.g. altitude varied from 0 to 1000 m above sea level in a total area of 166 000 km 2 ), an initial set of calibrating parameters was developed that could be applied across all nine sub-basins and capture the seasonal and interannual variability of flow measurements across the ACF, ACT, and Tombigbee basins (table 4) . The most sensitive model parameters were then adjusted on a basin-by-basin basis, including soil water capacity and hydraulic conductivity for both shallow and deep layers (table 4) in order to account for fine-scale differences in basin characteristics not captured by the available data. The model uses the Penman-Monteith method (Monteith 1965) to estimate potential evapotranspiration and simulate soil water evaporation as a function of relative soil moisture.
The accuracy of the model at simulating streamflow (figure 3), and temperature (figure 4) were quantified using goodness-of-fit statistics for the years 1980-2010 (n = 372 for monthly statistics). These included: The Nash-Sutcliffe efficiency:
where a value of 1.0 is a perfect match, a value of 0.0 indicates that the estimates are as good as the mean of the observed value, and a value less than zero suggests that the observed mean is a better predictor than the estimate.
This indicates if the model generally is over-(positive) or under-(negative) estimating the observed value.
where nRMSE is the normalized root mean square error, Q s,i and Q o,i were the simulated and observed flow rates for each time step (i), and σ Qo is the standard deviation of the observed flows. A value of 100% indicates that the estimate is the same magnitude as the variability of the flow. The lRMSE (log-transformed/normalized root mean square error) is the same as nRMSE, except the non-zero flows have been log transformed to better evaluate low flow performance especially during low summer flows that have an ecological importance. In addition, the coefficient of determination, R 2 , was calculated for monthly values as well. For streamflow, calibration was performed and values of the Bias ranged from −3.4% to 12.6% with an average of −5.1% (figure 3). The nRMSE varied from 18% to 573% with an average of 212%. These nRMSE values are widely spread mainly because the observed streamflow variability at Sumatra, FL. This condition improves when the lRMSE is evaluated. Values of lRMSE varied from 45% to 69% with an average of 58%. Similarly values of R 2 ranged from 0.64 to 0.82 with an average of 0.75. Values of NSE ranged from 0.53 to 0.79 with an average of 0.66 indicating that the model robustly represents major features of monthly average steamflows. Overall, the model captured the major features of the flow hydrographs (figure 3) at the different basin outlets and accurately represents the low summer flows.
To assess model accuracy within the boundaries of the basins, flows from the USGS gage that measure runoff from an undeveloped sub-basin, the FBF (ACF above Buford, GA) on figure 3, represent unaltered conditions. These were compared to model predictions, resulting in a NSE value of 0.66, and Bias value of 7.3%. he nRMSE value was 18.4%, and the lRMSE value was 58.6%. These statistics indicate an acceptable goodness-of-fit for an undeveloped sub-basin when compared with the values at the gage location before streamflows enter Buford Dam (figure 3) in the upper Apalachicola-Chattahoochee basin.
A potential source of parameter specification error was identified during the model construction process. The STATSGO database (table 1) , which uses soil surveys to characterize soils as either deep or shallow, had an average mapping unit polygon size of 126 km 2 , 30 times smaller than the average catchment size. Since the entire mapping unit was classified as shallow if one component had a measured bedrock depth less than 50 cm or was a rock outcrop, an overestimation of the shallow soil extent was likely.
Stream temperatures at different locations were also calculated and evaluated. Temperature calibration, similar to streamflow calibration, was based on comparisons between the different unimpaired and computed temperatures using the same statistical parameters (figure 4). Values of NSE ranged from 0.17 to 0.92 with an average of 0.62. The bias ranged from −15.2% to −2.8% with an average of −9.8%. Values of nRMSE varied from 2% to 4.7% with an average of 3.2%. Similarly, values of nRMSE were from 28.8% to 90.9% with an average of 55.6% (figure 4) and values of R 2 ranged from 0.49 to 0.92 with an average of 0.76. Flow temperatures were captured well by the model especially during summer when there is a higher risk of having negative thermal pollution impacts (figure 4). One exception was the HMD location upstream of the Hammond Power Plant. At the WSS location downstream from the Hammond Power Plant, where water is discharged back into the stream after being used for cooling purposes, the temperatures robustly represent the monthly streamflow temperatures even during the warm season (figure 4). A similar condition is observed for the WNY location. Overall, the model captured the major trends of stream temperature (figure 4) and is an acceptable representation of summer flow temperature.
Users of this model should consider the calibration results outlined above in determining how to apply the model. Depending on the question to be addressed by the model, there are varying levels of confidence in its accuracy. Overall, the calibration results indicate that the model is accurate at predicting streamflows and temperatures, and therefore useful for exploring the implications of alternative electricity generation technologies, which is the subject of the companion paper (Yates et al 2013b) .
Conclusions
Development and implementation of a climate-driven model for the ACF, ACT, and Tombigbee river basins in the southeastern US was accomplished to represent the different users of the water resources of the region systems and the implications of energy production on the riverine hydrology and water temperature regimes.
The primary data inputs include time series of monthly climate data; estimates of monthly water use including irrigated agriculture, municipal (and industrial) indoor use based on local population and per capita use estimates with changes in population growth, thermoelectric cooling demands, and environmental flows; and infrastructure elements including reservoirs, diversions, and their capacities and regulated constraints. The water resources planning model was calibrated and validated against the observed, managed flows through the river systems in the three basins. Basin pour points were placed at important infrastructure locations including dams, diversions, return flow structures, USGS streamflow gages, and other gages placed internally to secure the adequate reproduction of streamflows. Calibration was performed on parameters of land cover, water capacity, and hydraulic conductivity of soil horizons. Goodness-of-fit statistics indicate that the model robustly represents major features of monthly average streamflow and reservoir storage under 1980-2010 levels of water use.
Water temperatures were captured sufficiently well by the model especially during summer months when there is a higher risk of having negative thermal pollution impacts. Thermoelectric plants, which sit higher up in their respective watershed, are likely prone to generating constraints, either in the form of thermal discharge limits or water volume limits. For two places in which this analysis focuses, the plant Hammond, a once-through cooling, is flagrant, and at plant Wansley changes are rapidly occurring in the way thermoelectric plants use water. Analysis also shows that an alternative, low-carbon technologies would improve the water quality by lowering the river temperatures. Other way for improving negative thermal impacts is through reservoir releases that, however, would reduce the water storage capacity in reservoirs for other uses located upstream including municipal, industrial and irrigation. The model provides the tools to analyze climate change-induced alterations in the hydrologic cycle with a special emphasis on implications for energy production.
